The dependences of surface energy on ultra-thin film thickness are investigated experimentally and theoretically. Langmuir-Blodgett (LB) film and perfluoropolyether (PFPE) lubricant on solid substrates are used as ultra-thin film samples. Surface energies as a function of film thickness are experimentally obtained from contact angle measurements. The theoretical equation of the dispersive component of the surface energy of ultra-thin film is derived from the corrected van der Waals pressure equation for a multilayered system proposed by the authors. The theoretical values are found to agree with the experimental values. The theoretical equation presented in this study is considered to be useful in predicting the surface energy of an ultra-thin film on a solid substrate.
Introduction
Surface interactions play a significant role in MEMS/NEMS including the head/disk interface (HDI) in hard disk drives. Surface energy is useful in considering surface interactions between micro/nano machine elements. In many MEMS/NEMS, the solid surfaces of machine elements have ultra-thin film layers such as oxide layers, contaminant-adsorption layers, protective layers, and lubricant layers. For example, the HDI consists of many ultra-thin film layers, i.e., a diamond-like carbon (DLC) layer, a liquid lubricant layer, and an air film. Therefore, the effective surface energy of ultra-thin films is very important not only for considering the surface interactions between MEMS/NEMS elements but also for analyzing their behavior (1 -3) .
In this study, a new method (4) proposed by the authors is used in order to evaluate the dispersive component of the effective surface energy of ultra-thin films. LB film and perfluoropolyether (PFPE) film on a solid substrate are used as ultra-thin film samples on a solid substrate. The dependences of surface energy on the ultra-thin film thickness are investigated experimentally and theoretically.
Experiment Setup
The materials of the LB film are stearic-and arachidic-acid, and the PFPEs used are Fomblin Z-dol and Fomblin Z03.
The LB film is extracted onto a glass plate using the well-known vertical drawing method. This stearic-and arachidic-acid LB film has an odd-number of molecular layers with the top layer having the hydrophobic group on the outside making its surface hydrophobic.
The thickness of the films is measured with an ellipsometer. Figure 1 shows an example of film thickness distributions of the stearic-acid LB films on glass plate measured by an ellipsometer. It is observed that relatively smooth films are obtained except 11 layers. Figure 2 shows the relationship between the number of LB film layers and the LB film thickness. Each measurement point is average value of film thickness from 5 to 30 mm of the measurement position in Fig. 1 . The film thickness per one LB film layer is about 21.6 Å.
Novec HFE7200 is used as a solvent for the PFPE film coating using the dipping method. Figure 3 shows an example of the relationships among the PFPE (Z-dol) film thickness, pull-out speed, and concentration of the solution. The well-known characteristics of the film thickness change are observed, i.e., the film thickness increases as the pull-out speed and the concentration increase.
Measurement of Effective Surface Energy
The effective surface energy of a solid with an ultra-thin film is obtained by measuring the contact angle of a liquid droplet. The method proposed by Kaelble 
(1) The relation among the surface energy of the liquid, γ L , the surface energy of the solid, γ s , and the contact angle, θ, is given
The surface energy of the solid, γ s , can be obtained by measuring the contact angles, θ, for two liquids that have known surface energy components and solving the simultaneous equations obtained with 
Theory of Dispersive Component of Effective Surface Energy with Ultra-thin Film (1), (4)
We consider the symmetric five-layer system depicted in Fig. 4 . The solid surfaces are coated with films that have the same thicknesses as each other (T); the gap between the film surfaces is D. The van der Waals dispersion force per unit area between film surfaces is obtained using the corrected van der Waals pressure equation for a multilayer system (1) , (3), (6) , i.e.,
where A ijkl is the Hamaker constant which is given by
is the Planck's constant (= 1.05×10
-34 Js), ω 0 is the principle absorption frequency (= 1.88 ×10 16 rad/s), and n i is the refractive index of material i. The Hamaker constants for the combination of the materials used in this study are listed in Table 1 . 
Results and Discussions
The dispersive components of the effective surface energy, γ s d , of the LB films on glass plate are shown in Fig. 5 . The theoretical value is shown by blue dashed-line and the experimental value is shown by square. It is found that the theoretical curves agree well with the experimental results. The stearic-acid LB film gives better agreement than the arachidic-acid. The film thickness distribution of the stearic acid LB films is smoother than that of the arachidic-acid LB films, which indicate that the stearic-acid LB film will have fewer defects. It is also found that we can see good agreements between experimental and theoretical values in both LB films when T = 0 though the cut-off distance, D 0 , is obtained from the experimental value of T → ∞. Figure 6 shows the dispersive components of the effective surface energy of the PFPE films on glass plate. In this case, the agreement between experimental and theoretical values is not so good. However, after annealing at 150°C for 90 min., better agreements are obtained as shown in Fig. 7 . It is considered that the defects or molecular roughness of the PFPE film are decreased by annealing. In case of the PFPE films, the theoretical values of From these results, the theoretical method presented in this study for evaluating the dispersive component of the effective surface energy is considered to be effective.
Conclusion
A new method proposed by the authors was used in order to evaluate the dispersive component of the effective surface energy of an ultra-thin film. The dispersive component was obtained by introducing a cut-off distance and integrating the corrected van der Waals pressure equation for a symmetric multilayer system. The cut-off distance was calculated using the experimentally determined surface energy for a sufficiently thick film.
The theoretical results agreed well with the experimental results obtained using Langmuir-Blodgett (LB) film and perfluoropolyether (PFPE) film on a solid substrate. In case of LB films, the theoretical values at T = 0 also agreed well with the experimental results though the cut-off distance was obtained from an experimental result of thick film. The annealed PFPE films on glass gave better agreements between theory and experiments than unannealed films, while sufficiently good agreements were obtained without annealing This method for evaluating the dispersive component of the effective surface energy was considered to be effective for predicting the dispersive component of the effective surface energy of an ultra-thin film on a solid substrate. 
